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Abstract

Calculations have been carried out to determine the time dependence

of the residual photon dose rate inside an accelerator tunnel due to a

3-GeV proton beam located on the axis of an iron cylinder. The photon dose

rate produced by the activation of the concrete tunnel wall is calculated

and combined with the results from a previous calculation for the dose rate

contributed by the iron to obtain the total photon dose rate inside the

tunnel. The effectiveness of lowering the total photon dose rate by re

ducing the 2LfNa production in the concrete is evaluated. The development

of the nucleon-meson cascade, the residual nuclei production, and the

photon transport are calculated using Monte Carlo methods.
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I. INTRODUCTION

Protons that stray from the "beam of a high-energy proton accelerator

can, as a result of nuclear interactions, produce radioactive residual nuclei

in the surrounding materials. The decay of such radionuclides produces a

source of photons after shutdown that presents a potential radiation hazard

to personnel requiring entry into the accelerator tunnel. Calculations have

been carried out to determine the photon dose rate in an accelerator tunnel

as a function of time after shutdown due to photons produced in the material

immediately surrounding the beam, such as the magnets, and due to photons

produced in the concrete enclosure walls. Of particular interest are a) the

contribution to the photon dose rate in the tunnel due to the decay of radio

nuclides produced in the material immediately surrounding the beam relative

to the contribution of radionuclides produced in the concrete, b) the con

tribution of 24Na produced in the concrete relative to other radionuclides

produced in the concrete, and c) the 2t+Na production by low-energy neutron

capture relative to other 24Na production modes. The 21+Na production due

to low-energy neutron capture by the sodium in the concrete can be con

trolled, at least to some extent, by choosing concrete materials with low

sodium content or by adding appropriate materials, such as boron, to the

concrete that will reduce the low-energy neutron flux. Thus, if the indi

vidual contributions to the total photon dose rate indicated above are

known, a decision can be made as to whether it is worthwhile to reduce the

21+Na production by neutron capture.

The calculations have been performed for a beam of 3-GeV protons

traveling along the axis of an infinitely long cylinder Uo g/cm2 in radius.

It is assumed that the number of protons per unit distance leaving the beam



is constant during irradiation and that these primary protons have their

initial interaction on the beam axis without undergoing energy loss. Sur

rounding the iron is a void that extends to a radius of 7-31* ft, at which

point the concrete begins and extends to infinity. The composition of the

concrete is taken to be (in weight %): 0, U8.99; Ca, 37-10; C, 9-^7; Al,

1.32; H, 0.80; Si, 0.39; Fe, 0.5^; Mg, 0.39; and Na, 1.00.C

The photon dose rate due to photons escaping from the iron has been

calculated previously,1 hereinafter referred to as paper 1. In the present

paper, the photon dose rate due to the activity induced in the concrete is

calculated and compared with the iron contribution presented in paper 1.

As in paper 1, the calculations were carried out using the Monte Carlo pro

grams of Coleman2 and Irving et at.3 to determine the development of the

nucleon-meson cascade and residual nuclei production, and the Monte Carlo

program of Trubey and Emmett4 to obtain the photon transport. The details

of the method of calculation are the same as discussed for the 3-GeV beam

in paper 1.

II. RESULTS

The neutron, proton, and charged pion fluxes as a function of radial

depth in the concrete are given in Fig. 1. The error bars in this and sub

sequent figures correspond to statistical errors of one standard deviation.

In Fig. 2 the neutron flux per unit energy at the surface of the concrete

due to all neutrons and due to only those neutrons that have escaped from

the iron and entered the concrete is presented. It is evident from these

figures that the total (nucleon and charged pion) flux in the concrete is

predominantly due to neutrons and that the low-energy (^ a few MeV) portion

of the neutron flux in the concrete is due to the high-energy neutrons that
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enter the concrete rather than the low-energy neutrons that escape from the

iron.

In determining the photon dose rate inside the tunnel, the contribution

due to radionuclides other than 21+Na produced in the concrete, 24Na produced

in the concrete, and radionuclide production in the iron will be considered

separately.

Photon Dose Rate Due to Radionuclides Other Than 21*Na Produced in Concrete

Figure 3 shows the calculated residual-nuclei production rate in the

concrete due to particles with energies above 25 MeV. This production rate

corresponds to the residual nuclei produced over all radial depths per unit

distance along the beam axis per unit time during irradiation. The resid

ual nuclei production is available directly from the Coleman program; that

is, explicit values for the production cross sections are not required since

they are, in effect, computed in the intranuclear-cascade and evaporation

phases of the transport calculation.

The residual-nuclei production in Fig. 3 is seen to be divided into

two broad groups according to the residual mass number. The nuclei with

A <f 20 are produced primarily from oxygen, and nuclei with A ^ 20 are pro

duced primarily from calcium. This dichotomy is, of course, a consequence

of the large amounts of oxygen and calcium in the concrete.

Those residual nuclei which are radioactive with half-lives greater

than several minutes and which emit photons, either directly in the decay

process or by subsequent positron annihilation, are indicated in Fig. 3.

The radionuclide production by particles below 25 MeV is negligible except

for 2l+Na production by neutrons. The production of 21+Na, both by neutrons

below 25 MeV and by particles above 25 MeV, will be discussed later.
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From the spatial distribution of those radionuclides other than 2I+Na

indicated in Fig. 3 (7Be, nC, 13N, 22Na, 3l+Cl, and 38K)d and from knowledge

of the decay modes for these radionuclides, the photon source distribution

is defined. This source distribution was then used as input to the photon

transport code to obtain the photon flux at the surface of the tunnel wall,

and the flux-to-dose factors given in Ref. 5 were then applied to obtain the

photon dose rate. The photon dose rate at the tunnel wall due to radio

nuclides other than 2kN& produced over an infinite irradiation time is given

e

in Fig. k as a function of time after shutdown.

Photon Dose Rate Due to 2I*Na Production in Concrete

The method used to determine the 24Na production is somewhat different

from that described above for the production of other radionuclides in the

concrete. As indicated in Fig. 3, the statistics on the 24Na production by

particles above 25 MeV are poor, even when the production is summed over

all radial depths. However, adequate statistics for the 21+Na production

can be obtained by performing an energy integration of the product of the

spatially dependent particle spectra, which are available from the transport

programs, and the cross sections for each production mode. This alternate

method was used to obtain the 24Na production both above and below 25 MeV.

The disadvantage of this method is that cross sections are required for

each production mode, and some of the needed cross sections are not well

known.

The production of 21+Na from Ca, Si, Al, Mg, and 23Na was considered.

The only production mode not included was the production from Fe; however,

this contribution is expected to be negligible because of the low Fe content

of the concrete and because the production cross section is expected to be
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small. Experimental cross sections were used where available and were

supplemented by cross sections from the intranuclear-cascade calculations

of Bertini6 and by the empirical formula of Rudstam.7 Still, some interpo

lation and extrapolation were required to obtain the cross sections needed

to carry out the calculations. Although some rather crude approximations

were necessary, the approximations used are not crucial since, as will be

shown below, the 2t*Na production is dominated by the 23Na(n,y)21+Na mode,

and this cross section is rather well known. The production cross sections

used are given in Appendix A.

In Fig. 5 the 2tfNa production by various modes is given as a function

of radial depth in the concrete. It is evident that the dominant 2ttNa pro

duction mode is low-energy neutron capture by 23Na. The photon dose rate

at the tunnel wall due to 2hSa is shown in Fig. h as a function of time

after shutdown.

Photon Dose Rate Due to Iron

The photon dose rate at the surface of the iron cylinder due to radio

nuclide production in the iron is available from paper 1. To obtain the

dose rate as a function of radius in the tunnel, a geometric attenuation

factor inversely proportional to the radius was applied to the dose rate at

f
the surface of the iron cylinder. The photon dose rate at the tunnel wall

due to photons escaping from the iron is given in Fig. It as a function of

time after shutdown.

Total Photon Dose Rate

The total photon dose rate, that is, the sum of the contributions due

to the radionuclides produced in the iron, the 2l+Na produced in the concrete,

and radionuclides other than 24Na produced in the concrete, at the surface
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of the tunnel wall is shown in Fig. k as a function of shutdown time. The

concrete contribution is dominated by zhSa, which, as discussed earlier, is

due almost entirely to low-energy neutron capture by the sodium in the con

crete. Thus, by reducing the sodium content of the concrete and/or by re

ducing the low-energy neutron flux, it is possible to lower the total photon

dose rate at the tunnel wall by a factor of ^ U.5 for shutdown times less

than several hours. For shutdown times that are long compared to the 15-hour

half-life of 2kEa, the total dose rate is dominated by the photons from the

5l*Mn induced in the iron, which has a half-life of 300 days.

The relative contribution of the iron and concrete to the total photon

dose rate at points inside the tunnel is not the same as that at the tunnel

wall. This is because the dose rate due to the iron is inversely propor

tional to the distance from the beam axis, whereas it can be shown (see Appen

dix B ) that the dose rate due to the concrete is constant inside the tun

nel and equal to the dose rate at the tunnel wall.S From the results given

in Fig. k, the total photon dose rate at points inside the tunnel can be

constructed (see Figs. 6 and 7). Thus, the effectiveness of reducing the

total dose rate by lowering the concrete contribution depends on the dis

tance from the beam axis as well as the time after shutdown. A measure of

this effectiveness is given by the ratio of the total dose rate to the dose

rate from the iron since, if the concrete contribution is eliminated, the

total dose rate is reduced by a factor equal to this ratio. In Fig. 8 this

ratio is given at points inside the tunnel for various shutdown times.

Thus, although the elimination of the concrete contribution would, for shut

down times less than several hours, lower the total photon dose rate at the

tunnel wall by a factor of ^ U.5, the reduction at points approximately
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midway between the iron and concrete would be only a factor of ^ 2.5» with

essentially no reduction near the iron.
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APPENDIX A

The cross sections used to determine the 24Na production from the con

stituents of the concrete are given in Figs. A1-A3. The broken lines shown

in the figures represent extrapolations or interpolations. The 24Na(n,Y) Na

cross section, which was taken from Ref. 8, is not shown since it is rather

well known and is essentially inversely proportional to the neutron velocity.

The cross section for producing 24Na from 40Ca was calculated using the

empirical formula of Rudstam.7 This cross-section formula does not take

into account the type of particle initiating the interaction; therefore, the

cross section shown in Fig. Al was used for all particles (neutrons, protons,

and charged pions).

To obtain the cross section for 2t+Na production from 28Si, the constant

cross section predicted by the Rudstam formula for energies above > 2 GeV

was extrapolated through the experimental points at lower energies down to

the threshold energy (for neutrons) of ^ ko MeV. The experimental data are

for incident protons and were taken from the compilation by Bertini et al.

The same cross section was used for all particles.

For 2l+Na production from 27A1, the experimental data for 27Al(n,a)24Na

reported by Butler and Santry10 for neutrons < 20 MeV and the experimental

data for protons reported by Cumming11 were used. To obtain the neutron

cross section > 20 MeV, extrapolation was made through the value at 50 MeV

available from the intranuclear-cascade calculations of Bertini6 to join

*In the Rudstam paper several different functional forms are considered for
the cross section formula. The formula used here is the one designated as
CDMD by Rudstam.
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with the proton cross section at 80 MeV, and above 80 MeV the neutron cross

section was taken to be the same as that for protons. The charged-pion

cross sections at all energies were assumed to be the same as for protons.

For the 24Mg(n,p)2ltNa cross section, the experimental data reported by

Butler and Santry10 for neutrons < 20 MeV were used. Between 20 and 150 MeV.

extrapolation was made through cross sections obtained using the Bertini

intranuclear-cascade code.12 Above 150 MeV, the cross section was assumed

constant and equal to the value at 150 MeV.
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APPENDIX B

In this appendix it will be shown that the omnidirectional flux at all

points inside a cylindrical void due to an isotropic flux of uniform in

tensity on the surface of the void is constant and equal to the flux at the

surface. Consider the flux d<j> produced in a spherical volume dV with cross-

sectional area dA located at r due to particles emitted by an element of

area dA on the surface of the void (see Fig. Bl). Then d<J> is the number

of particles emitted by dA = Rd6dz in the direction of dV divided by the

cross-sectional area of dV; that is,

d<f> =t^- fi'n dfi/dA ,

where <j> is the flux at R, tt = D/D, n = -R/R, and dfi = dA/D2. From the

geometry indicated in Fig. Bl,

-*•-*•-*•->•

-D = -r + kz + R ,

->• ->

r = ir ,

and

R = i R cos6 + j R sin6 ,

where i, j, and k are unit vectors along the x, y, and z axes, respectively.

Therefore,

+ ->- R - r cost
srn =

and

,, o R(R - r cos9)
d<£ = -, d6dz

D3
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Changing variables from z to D using the relation

gives

gives

D2 = z2 + p2

<3> TT °° dD
d> = —• / R(R - r cose) d0 /

2tt D2/D2 - p2o p D^/JJ^ - p

Both the D and 9 integrals can be written in forms which can be found in most

standard tables of integrals. The D integral yields 1/p2. Changing the p

variable to 9 using

p2 = R2 + r2 - 2R r cos9

+=to f R2 -Rrcose d0
77 o R2 + r2 - 2R r cos9

Since <J> is evaluated at an arbitrary point inside the void, the flux at any

point inside the void is the same as the flux at the surface of the void.
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FOOTNOTES

Research sponsored by the U. S. Atomic Energy Commission under contract

with Union Carbide Corporation.

At the present time, it is not possible to perform detailed calcula

tions of the residual photon dose rate for beam energies > 3 GeV by

using the same method of calculation as used here for a 3-GeV beam be

cause of the lack of data concerning such high-energy nuclear inter

actions. However, the results from a detailed calculation for a 3-GeV

beam and a very approximate calculation for a 200-GeV beam presented

in paper 1 suggest that extension of the 3-GeV results to higher energies

by using a scaling factor proportional to the beam energy is not totally

unreasonable.

The source-geometry configuration was chosen to aid in the design of

the proton accelerator under construction at the National Accelerator

Laboratory, Batavia, Illinois, and the concrete composition was supplied

by Dr. Miguel Awschalom of that facility.

Both 3t*Cl and 38K can be produced in two isomeric states with half-

lives for the ground and metastable states of 7-71 minutes and 0.95

seconds for 38K and 1-56 seconds and 31-99 minutes for 31+C1, respec

tively. The calculated production rate includes both isomers, and the

relative contribution of each cannot be distinguished. It was assumed

that all 3t+Cl is produced in the metastable state and all 38K is pro

duced in the ground state. However, as will be shown later, these

radionuclides do not contribute significantly to the total photon dose

rate; thus, this assumption is of little consequence.
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e. Results in this paper are given for only an infinite irradiation time,

that is, for an irradiation time of sufficient duration such that all

radionuclides have reached saturation activity. Results for other ir

radiation times can easily be constructed using the results presented

here and in paper 1 and the methods discussed in paper 1.

f. The photons which escape from the iron and are reflected by the con

crete have been ignored since the dose albedo of concrete at the photon

l 3
energies of interest here (^ 1 MeV) is ^ 10%.

g. The interaction of the photons escaping from the concrete with the iron

has been neglected since the radius of the iron (0.168 ft) is small

compared to the radius of the tunnel wall (7-3^ ft).

h. Note that since the dose rate from the iron varies as c/r and the dose

rate from the concrete is constant, say c', where r is the distance

from the beam axis and c and c' are constant for given shutdown and

irradiation times, the ratio of the total dose rate to the dose rate

from the iron varies as 1 + c'r/c inside the tunnel.
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